ABSTRACT A small-size large-declination longitudinal slot array antenna based on substrate integrated waveguide (SIW) technology was proposed. Compared with the conventional SIW slot array, the proposed antenna achieves a larger declination and a lower SLL. The antenna is mainly composed of three parts, a dielectric substrate, a coaxial port, and a matched load. The antenna contains 13 radiation slots, and the adjacent slot spacing is greater than half of the waveguide wavelength, so the main beam is biased towards the load. To achieve low sidelobe levels (SLL), the amplitude distribution of the 13 slots is based on Taylor synthesis of SLL = −25 dB. The antenna was processed and measured. From the measured results, the antenna achieved a beam declination of 26 • and a SLL below −20 dB from 35.2 to 35.8 GHz. With the same number of slots, the length of the slot array of the SIW structure is only 44.8% of the length of the standard metal hollow waveguide. Based on the performance achieved, the SIW slot antenna is an excellent candidate for carrier conformal and large declination applications.
I. INTRODUCTION
In projectile communication, the antenna is required to conform to the external surface. At the same time, it is desirable that the antenna main beam has a declination toward the axial direction of the projectile, thereby facilitating the transmission and reception of signals in a desired angle [1] . Therefore, the traveling-wave slot antenna is a suitable candidate. The travelling-wave slot antenna with the frequencycontrolled scanning beams and high directivity is a kind of leaky wave antenna. The slot antenna has the advantages of low profile, low or even ultra low SLL, high gain, high radiation efficiency, high power capacity, and easy control of the pattern [2] - [4] .
Generally, slot antennas are generally classified into two types: standing-wave arrays and traveling-wave arrays [2] . In the standing-wave arrays, the adjacent slot spacing is λ g /2, and the waveguide is shorted at λ g /4 (or 3λ g /4) after the last slot, where λ g is the wavelength in the waveguide. This structure has high radiation efficiency and the radiation pattern is strictly broadside, but the impedance bandwidth is narrow.
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For traveling-wave arrays, slots are equally spaced not equal to λ g /2 (greater than or less than λ g /2), and the waveguide is terminated by a matched load. The main beam of this structure has a declination and the declination varies with frequency. When the slot spacing is less than λ g /2, the beam is biased toward the feeding port, and when the spacing is greater than λ g /2, the beam is biased toward the load end. The advantages of this configuration are as follows: a) the main beam declination can be achieved, b) the pattern is easy to control, c) a wider impedance and SLL bandwidth compared to standing-wave arrays, although a few power is dissipated by the load.
In the past few years, the waveguide longitudinal slot arrays have been verified by theoretical research, numerical calculations and experimental methods. With Elliott's design procedure, the SLL of a slot array can be accurately synthesized and patterned [3] . The internal mutual coupling and external mutual coupling are considered, and the iterative calculation formula is used to accurately determine the slot parameters for the desired aperture distribution and the input matching. In [5] , a method of analyzing the longitudinal slot planar antenna by the full-wave analysis is presented. The above description of slot antennas is based on conventional metallic waveguides. Recently, the planar waveguide structure, known as the substrate integrated waveguide (SIW), has been investigated [6] - [8] . The SIW structure is used in a variety of frequencies and applications [9] - [20] . The transmission performances of the SIW are very similar to those of a metallic rectangular waveguide. SIW features low profile, convenient processing and easy integration with RF circuits. Therefore, the longitudinal slot array of the SIW structure has a distinct advantage. In [16] , a compact single-layer substrate integrated waveguide monopulse slot antenna array is presented. The slot array is in the form of a standing wave array and implements a sum pattern and a difference pattern. In [21] , the Method of Least Squares (MLS) was used to develop an optimum design procedure for the traveling-wave SIW slot array antenna. Xu et al. [22] showed a 16×16 SIW longitudinal slot array antenna by performing full-wave electromagnetic simulation method. The general SIW slot array antennas are either standing-wave arrays or traveling-wave arrays with a small declination (declination angle <10 • ) [14] - [19] , [22] . And when the number of gaps is small (N<15), SLL is poor (SLL> −15 dB) [16] - [18] . Therefore, the design of a large declination, low-SLL SIW slot antenna is very necessary.
In this paper, a small-sized, low-SLL large-declination longitudinal slot array with a SIW structure is proposed. The slot array includes 13 radiation slots. According to the antenna installation requirements, the main beam needs to be biased toward the load, so the slot spacing is greater than λ g /2. The slot antenna design is combined with theoretical calculation and software simulation. The power distribution of each slot is adopted with Taylor synthesis of SLL = −25 dB, and good performance of SLL < −20 dB is achieved from the measured results.
II. ANTENNA DESIGN
The geometry of the proposed traveling-wave SIW slot array antenna is illustrated in Fig. 1 (a) .
Basically, the antenna consists of three parts, a substrate, a coaxial port, and a matched load. There are two rows of metalized vias on both sides of the substrate and 13 radiation slots. The design of the antenna is divided into three parts. Section A is the design of the SIW, Section B is the design of the slot antenna, and Section C is the design of the coaxial to SIW conversion.
A. SIW DESIGN
The SIW is similar to a metal waveguide filled with a dielectric substrate and the structure is shown in Fig. 1 (b) . Where d is the diameter of the metallized via, p is the center spacing of adjacent vias, a is the width of the SIW, and b is the height of the dielectric substrate. In order to ensure that the performance of SIW is equivalent to a metal rectangular waveguide, d and p must meet certain design specifications [6] , the specific requirements are as follows:
where λ c is the cutoff wavelength of the TE 10 mode. Similar to metallic waveguide transmission, the operating frequency is between the TE 10 and TE 20 modes for single mode transmission (TE 10 mode only). The SIW dielectric substrate was selected as Rogers 5880 with a dielectric constant ε r of 2.2 and a loss tangent of 0.0009. The center frequency is 35.5GHz, and the SIW parameters are determined as follows: for each parameter: a = 5.6 mm, b = 2.54 mm, d = 0.3 mm, p = 0.5 mm. Therefore, the equivalent wavelength λ g transmitted in the SIW is about 6.75 mm [6] .
B. SLOT ANTENNA DESIGN
According to the antenna installation requirements, the main beam needs to be biased to the load, so the slot spacing is greater than λ g /2. The calculation formula of the main beam declination is shown in equation (3), where λ is the wavelength transmitted in free space, λ g is the wavelength transmitted in SIW, and S is the slot spacing [2] . According to the main beam declination θ ≈ 26 • , the slot spacing is about 5.2 mm.
When the standard metallic hollow waveguide WR28 (a= 7.112mm, b=3.556mm, see the standard: GB11450. ) is adopted, the wavelength transmitted in the corresponding waveguide is 10.51mm. At the same beam declination θ ≈ 26 • , the slot spacing is about 11.6 mm. Therefore, the length of the slot array of the SIW structure is only 44.8% of the length of the metal waveguide at the same number of slots. In other words, in the case of the same declination, there are 13 slots in the SIW structure, and only 5 slots in the standard hollow waveguide. Thus, the SIW structure has significant advantages in that the antenna size is small. The SLL is the most important parameter of the longitudinal slot antenna, which requires amplitude synthesis for each radiating slot. For the SIW longitudinal slot, the magnitude of radiation intensity was determined by the offset of slot from the waveguide center. The larger the offset is, the greater the radiation intensity (conductance) is. Therefore, only by knowing the relationship between the offset and the radiant energy can the synthesis of the pattern be performed. In the past few decades, many theoretical and numerical calculation methods for slot array antennas have been proposed [2] - [5] . To accurately calculate the slot parameters, the internal mutual coupling and external mutual coupling between the slots must be taken into account. In [4] , by simulating a slot antenna with the same slot offset, the relationship between slot offset and conductance can be solved. The number of slots must be >15, so the number of slots is set to 15. Therefore, all mutual coupling between the slots is included.
The relationship between the conductance and S-parameter of the slot array is shown in Equation (4).
where S 11 is the reflection coefficient of port 1, S 21 is the transmission coefficient of two ports, N=15 is the number of slots, and q is the attenuation coefficient between two adjacent slots in SIW. The simulated transmission attenuation of SIW with a length of 78mm is −0.25 dB (transmission energy is 0.944), and the adjacent slot spacing is 5.2mm, so q can be solved as follows:
Thus, the attenuation coefficient q = 0.996 can be obtained. S 21 is required to resonate at a center frequency of 35.5 GHz, so that a corresponding slot length can be given. Combined with HFSS simulation, the 15-slots with the same offset are simulated. The simulated S-parameters, conductance and resonant lengths are shown in Table 1 .
To obtain a good radiation performance, the Taylor synthesis [2] of SLL= −25 dB was adopted. Due to the limited antenna size (<80mm), the actual antenna can only arrange 13 slots. The normalized current and conductance distribution of each slot is shown in Fig. 2 . In Taylor synthesis, the current distribution of each slot is symmetric about the intermediate slot, but the conductance of each slot is asymmetrical. The reason is that in the traveling wave array, as the energy propagates in the SIW, the energy is gradually attenuated and radiated. Therefore, the slot conductance near the feed is small, and the conductance near the load is large, thus ensuring that the overall radiation is symmetrical.
According to the Fig. 2 and Table 1 , the offset and the resonance length of each slot can be given. Since the mutual coupling between the lateral and the internal slot are different, the offset of lateral slot needs to be optimally adjusted to give an optimal size. The final parameters of the slot are determined as follows (unit: mm): 
C. COAXIAL TO SIW CONVERSION DESIGN
Generally, the SIW is fed with a 50-ohm microstrip line. However, for a compact design, it is fed through a 50-ohm coaxial line similar to the metal rectangular waveguide, shown in Fig. 3 . When the antenna is actually assembled, one end of the coaxial inner conductor is inserted into the SIW dielectric, and the other end is directly connected to the receiving circuit plate, as seen in Fig. 5 . The coaxial line VOLUME 7, 2019 The design principle of coaxial line to SIW is similar to that of coaxial to metallic waveguide [23] . That is to say, the TEM mode in the coaxial line is converted into the TE 10 mode in the metal rectangular waveguide. According to the waveguide theory, the electric field at λ g /4 or 3λ g /4 from the short-circuit plane is the strongest, where λ g is the wavelength transmitted in the waveguide. Therefore, the coaxial line is usually selected at these positions for maximum conversion efficiency, and λ g /4 is selected here. The coaxial inner conductor is inserted into the middle of the narrow wall of the waveguide, that is, the length of the probe is about b/2. The final parameters of the coaxial conversion are determined as follows (unit: mm): H = 1.2 mm, S 0 = 1.73. The simulated S-parameter of the coaxial to SIW conversion is shown in Fig. 4 . As seen in Fig. 4 , the transmission performance is particularly good within the operating frequency bandwidth.
The above three parts are combined for overall design and optimized in ANSYS High Frequency Structure Simulator (HFSS). According to the optimal design, the antenna is processed and tested to verify the accuracy of the design.
III. MEASURED RESULTS AND DISCUSSION
The photograph of the proposed antenna is pictured in Fig. 5 . The antenna is set to dual port in simulation, where the coaxial port is port 1 and the matching load is port 2, as shown in Fig. 1(a) . The antenna prototype is designed as a single port for compactness, the coaxial port is the input port, and the other end is directly connected to a matching load.
Agilent Vector network analyzer 8722ET is used to measure the reflection coefficient of the proposed antenna, and is shown in Fig. 6 . The impedance bandwidth of the antenna is very wide with a reflection coefficient of below than -15dB, and the simulated and the measured results have a good agreement. Since the antenna sample is a single port, only the reflection coefficient S 11 of the port 1 can be measured, and the transmission coefficient S 21 cannot be measured. In general, the radiation efficiency is an important parameter of the antenna. The radiation efficiency is ''G/D''. ''G'' is the gain of antenna and ''D'' is the directivity of antenna. The radiation efficiency can also be estimated from another method by the S 21 . From the simulated S 21 , the transmission coefficient is about 7% (−11.5 dB), that is, the energy absorbed by the load is 7%. Combined with simulation, the transmission loss and leakage of the SIW is less than 5.6% (−0.25 dB). Since the energy is conserved, the radiation efficiency of the antenna is greater than 87%. The radiation pattern, gain, and beam declination of the prototype antenna are also measured by a far-field measurement system. The simulated and measured gains for several typical frequencies are illustrated in Fig. 7 . It can be found that the measured gain is about 12.3 dB±0.5dBi, and the simulation gain is 13.5±0.3dBi, which is slightly lower than the simulated one. The deviation is mainly attributed to the dielectric loss of SIW, leakage of SIW, processing inaccuracy, and the influences of the test environment. The measured H-plane SLL is worse than the simulated results, which may be attributed to the deviation of the dielectric constant, the processing inaccuracy of the slots and the deviation of the measurement. The simulated and measured SLL and beam declination in the H-plane are shown in Table 2 . From the comparison, the measured results are very similar to the simulated results. The measured SLL is worse than the simulated, which is caused by the gap processing deviation and the test environment.
IV. CONCLUSION
A compact large-declination longitudinal slot array antenna based on the substrate integrated waveguide (SIW) technology was represented. The design of slot antenna is combined with theoretical calculation and software simulation. The antenna was processed and measured. According to the measured results, the antenna achieved a beam declination of 26 • and a SLL below −20 dB. In the case of the same declination, there are 13 slots in the SIW structure, and only 5 slots in the standard metal hollow waveguide. Compared with the conventional SIW slot array [14] - [19] , [22] , the proposed antenna achieves a larger off angle and a lower SLL. Therefore, the slot array antenna is very suitable for application environments where the carrier is conformal and the main beam is at a large declination. 
